In this publication we demonstrate that a combination of capacitance ana gate current experiments together with an analysis of thermally activated conductivity seems to be useful for the determination of the density of states (DOS) of Landau levels in two-dimensional systems. The experimental results suggest a Landau level width not far away from the predictions of the self-consistent Born approximation (SCBa) if the Fermi level is close to the center of a Landau level. The DOS between Landau levels however cannot be explained with such a narrow linewidth and the experiments suggest the existence of a background DOS or an increased linewidth broadening for integer filling factors.
Introduction
A microscopic theory of the quantum rial 1 effect should give a correct description not only of the quantized resistivity values p =h/ie 2 but also of the transitions between the plateaus and the values or the finite resistivity p xx . Such transport calculations are extremely complicated since the theory itself is complicated and in addition not enough information is available about the scattering centers. The published theories are based on certain approximations and assumptions about the distribution, the strenytn and the range of the scattering potential, a first test whether such assumptions are realistic should be available from a comparison between the calculated and the measured density of states D(t) since calculations of D(E) are much easier than a transport theory for p xx (B) which includes complicated phenomena like localization and correlation. One of the first theories of the density of states (DOS) assumed short-range scatterers which leads within the self-consistent Born approximation (SCBA) to a broadening of the discrete energy spectrum (expected for an ideal two-dimensional electron gas without scattering) .into an elliptic lineshape for the UuS [1] . higher order approximations show that an exponentially decaying DOS is expected for energies £-E n larger than the linewidth of the Landau levels Ep [21, so that a real energy gap with vanishing DOS may not be present but the DOS at midpoint between two Landau levels should decrease drastically if the magnetic field (energy separation between adjacent Landau levels) is increased. Experimental information about the DOS can be obtained from measurements of the specific heat [31, from magnetization measurements [4] , from temperature-dependent resistivity measurements in the regime of the Hall plateaus [5] , from magnetocapacitance measurements [6, 7] or from gate current measurements [8] . In this article we compare the results we have obtained from an analysis of the thermally activated resistivity, magnetocapacitance and gate current measurements carried out on one ano the same sample. The following discussion is based on a picture wnich does not include many-body effects. The notation "density of states (DOS)" in this paper is used to characterize the electronic properties within a single particle picture. All experiments described in the followiny have oeen carried out on AlGaAs-GaAs heterostructures.
The temperature dependence of Pxx n (where Pxx n means the minimum in the resistivity which corresponds to a Fermi level position very close to the midpoint between two Landau levels) in the temperature range 2K<T<20K is usually dominated by an exponential term corresponding to p min " expf _Ia^_max } , (1) where E a max denotes the measured activation energy. Measured activation energies E a max for different samples at different magnetic field values are shown in Fig.l . The filling factor i, defined as i=n $ .-^p corresponds always to a fully occupied lowest Landau level (i=4 for (100) silicon MOSFETs and i=2 for GaAs-AlGaAs heterostructures). Since the measured activation energy E a max agrees fairly well with half of the cyclotron energy Ho)p, this activation energy is interpreted as the energy difference between trie Fermi energy tp and the center of the Landau level t n . For the sake of simplicity we assume that the mobility edge of the Landau level is located at the center of the Landau level, in agreement with calculations of the localization length [9] and percolation theories [10] . Furthermore the mobility edge is assumed to remain fixed, independent of the temperature and the carrier density. Changing the position of a Landau level t n relative to the Fermi energy £p(by changing the magnetic field) results in a reduced activation energy E =|E n -Ep|. This motion of the Landau levels relative to the Fermi level if the filling factor of the Landau levels is varied is clearly visible in Fig.2 . A change of the filling factor corresponds to a shift of the Fermi level, equivalent to a change &n in the carrier density at fixed magnetic field. Measuring now the activation energy as a function of the magnetic field allows us to deduce a mean value for the DOS:
where aL is the energy difference between activation energies determined at consecutive magnetic field values. This analysing technique is restricted to the tails of Landau levels and has been described in more detail in a previous publication [8] . Figure 3 shows the reconstructed DOS obtained from sample 1 (n s = 2.60.101 icm-z, y = 158,000 cm2/Vs). Temperature dependence of the resistivity p xx at different magnetic fields close to a filling factor i=2.
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Reconstructed DOS for filling factors close to i=2 and i=4. The arrow marks the zero magnetic field DOS. The energy scale is taken relative to the midpoint between two Landau levels
The DOS between Landau levels does not vanish but shows a value depending on the mobility of the sample and on the magnetic field. Decreasing mobility and decreasing magnetic field results in an increased DOS between Landau levels. The magnetic field dependence of the DOS between Landau levels -obtained from an analysis at filling factors close to i=2 and i=4 -is contrary to our previous statements. The high DOS close to fc=0 (Fig.  3 ) is an artefact of the analysis since for a Fermi energy at t=0 two Landau levels contribute to p xx . The reconstruction of the DOS from activated resistivity measurements is restricted to the tails of the Landau levels as mentioned above. Information about the DOS for a Fermi level position close to the center of a Landau level can be obtained from magnetocapacitance measurements described in the next chapter.
Magnetocapacitance
The capacitance experiments were carried out on gated GaAs-AlGaAs heterostructures with a Hall geometry. The mobilities of the samples described here are between 83,000 and 480,000 cm2/Vs for carrier densities in the range between 2.27.10 1 icm~2 and 2.90.10 1 l an~2. For capacitance measurements all the potential probes were short-circuited and acted as a channel contact.
The signal was obtained by measuring phase sensitive the voltage drop between the sample and a high-precision reference capacitor C re j: (see Fig.  4b ). The signal V meas is proportional to the capacitance difference c sample~cref as long as tne cnannel resistance is small compared to the At resistance of C samp -j e . For a Fermi level position between two Landau levels a xx goes to zero and the signal V mea$ is not directly proportional to the capacitance of the system but is influenced by the low conductivity state of the channel.
The capacitance of a system consisting of a metal-insulator-(with ionized impurities) semiconductor-sandwich (e.g. Au-AlGaAs-baAs-heterostructure) depends not only on the thickness of the insulator but also on the DOS at the semiconductor side and on parameters of the material. Fig.4a shows the band diagram of a heterostructure including a :>chottky gate in contact with the AlGaAs. If the two depletion layers interpenetrate each other the total capacitance at a given magnetic field can be expressed as is the average position of the electrons in the channel, y is a constant numerical factor between O.b and 0.7, and dn s /d(E F -E ) is the thermodynamic DOS at the Fermi level, in the following denoted as dn $ /dEp. The first two terms on the right-hand side of (3) are assumed to be constant in a magnetic field, and thus changes of the capacitance are directly related to changes in the thermodynamic DOS of the 2D£G. At T=0 the total inverse capacitance in a magnetic field can be expressed as
where denotes the value of the total capacitance at B=0, D is the DOS at the Fermi level in the presence of a magnetic field and D is the DOS within the lowest subband, equal to 2.9xlOio C m-2meV"i in the absence of a magnetic field. At finite temperatures D has to be replaced by dn s /dEp.
The experimental results were compared with calculations of C(B) assuming a Gaussian-like DOS of the form:
where r is the broadening parameter of the Gaussian distribution. First the position of the Fermi level Lp is determined by solving numerically the equation:
where f(£-Ep) is the Fermi distribution function. The carrier density n $ is assumed to Be independent of magnetic field and temperature.
In the next step the thermodynamic DOS
is calculated numerically. With the temperature-dependent form of (4) and (7) one obtains C(B). Spin splitting which is small compared to the cyclotron energy for GaAs is neglected in the calculations.
Fig . 5 shows the capacitance data (for the same sample as discussed in Fig. 3 ) at different temperatures together with a theoretical curve calculated on the basis of a magnetic field independent linewidth r=0.48 meV. We have adjusted the fit to the magnetocapacitance maxima since the observed minima may be falsified -at least at high magnetic fields and low temperatures -by the small channel conductance. This argument cannot be used to explain the reduced depth of the capacitance minima at magnetic fields below 2 Tesla since the phase shift due to the channel resistance is negligibly small, however, inhomogeneities may explain the experimental aata as shown in Fig. 6 where the change in the capacitance due to a uaussian distribution of the carrier density n^ with a broadening parameter An$=0.016 n$ is shown. A remarkable reduction of the depth of the capacitance minima is visible whereas the maxima remain unchanged.
The influence of inhomogeneities has been considered in a more sophisticated way by Gerhardts and budmundsson [12] in their statistical mouel for inhomogeneities. Their model is based on the assumption of a baussianshaped DOS and the result of the calculations can De described usiny an effective linewidth r shown in Landau levels. This aspect is similar to calculations of the oscillatiny level broadening due to screening effects [14] [15] [16] . Figure 8 shows that the experimentally deduced linewidths are not so far away from the predictions of the sCBA -the /ST dependence of the linewidth r is more or less visible for the sample with the lowest mobility.
Up to now the model calculation of the magnetocapacitance was based on the assumption that the carrier density in the channel remains constant. This is incorrect,si nee the difference in the electrochemical potential across the capacitor is fixed and a variation in the capacitance leaus to a charge transfer between the gate electrode and the channel. This small change in the carrier density is unimportant in an analysis of capacitance measurements but is a first order contribution in gate current experiments which will be discussed in the following chapter.
Gate Current
The assumption that the carrier density n $ remains constant changing the magnetic field is not correct. Actually not the carrier density n $ but the Fermi level is kept constant during capacitance experiments. Using the notation of Fig.4a this means that the gate voltage V is kept constant. Varying the magnetic field B then leads to oscillations of the surface potential (bottom of the potential well) and to a charge transfer between gate and channel of the heterostructure. Since the amount of transferred charge is small compared to the two-dimensional carrier density n $ the subband edge (taken relative to the bottom of the potential well) is assumed to be constant. The starting point for the model calculations is now no longer (5) but the following equation [8] :
-oo e ^ where the constant can be determined at B=0. tquation (9) has to be solved numerically to give the correct position of the subband edge relative to the Fermi level and then the magnetocapacitance can be calculated using (7) and the temperature dependent form of (4). Calculating the magnetocapacitance in the way described above results in a broadening of the width of the capacitance minima compared to calculations assuming a constant carrier density n $ . The difference however is small and cannot be resolved in Fig.  5 . The charge flow mentioned above can be determined by measuring the current between gate and channel as a function of the magnetic field B. The current flow is given by KB) = A .e.^i = A.e^i.^,
where A is the area of the two-dimensional electron yas and dB/dt tne sweep rate of the magnetic field. dn $ /dB can be determined by solving (9) at different magnetic fields since the first term on the left-nana side is equal to the carrier density n$. The current flow versus magnetic field is shown in Fig. 9 . The upper curve shows the experiments (carried out again on sample 1) where a current minimum corresponds to a DOS maximum anu a maximum in the current flow corresponds to a Fermi level position in a minimum of the DOS. The origin of the reverse current peak at about 5.2 Tesla is not clear yet. The experiment is compared with model calculations using a Landau level linewidth (baussian) of r= 0.48 meV (see Fig. 5 and A more quantitative analysis however is hindered by the reverse current peak. It should be noted that the statistical model [12, 13] or a background DOS at i=2 produces more broadened current maxima, comparable to the experimental ones.
Summary
Three different experimental methods have been carried out on one and the same sample. These three methods are sensitive to different eneryetical regions of the DOS. An analysis of the thermally activated resistivityrestricted to the tails of the Landau levels -shows a nonvanishiny DOS between Landau levels depending on mobility and magnetic field which cannot be explained within the SCBA or higher order approximations. Magnetocapacitance measurements however are mainly restricted to the maxima of the DuS.
If the Fermi level position is close to the center of a Landau level the magnetocapacitance data can be explained with a Gaussian-shaped DOS where the linewidth r follows roughly the SCBA predictions. Gate current experiments in principle are sensitive to maxima as well as to minima in the DuS. For a Fermi level position in a maximum of the DOS the gate current measurements show the same result as magnetocapacitance measurements. The explanation of the gate current measurements for a Fermi level position between two Landau levels requires a background DOS or an increased linewidth broadening.
